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Preparation and Properties of Films and Fibers of
Disordered Cellulose

R. JEFFRIES, The Cotton Silk and Man-Made Fibres
Research Association, Shirley Institute, Manchester, England

Synopsis

The preparation and properties of films and fibers of highly disordered cellulose are
described; the basis of the preparation is the regeneration of cellulose from cellulose
derivatives in non-aqueous media. These celluloses are at least 979, hydrogen-bond
disordered (as measured by the infrared-deuteration technique), give x-ray diagrams
showing poor three-dimensional order, and are practically completely accessible to
swelling agents such as water and formic acid. The crystallization of these disordered
celluloses is described. The effects on native cellulose of ball milling, mercerization,
amine treatment, swelling in acid and salt solutions, and swelling in solutions of potassium
hydroxide in non-aqueous solvents are described with reference to changes in fine structure
as measured by the infrared-deuteration technique.

INTRODUCTION

The primary purpose of this paper is to consider in detail a method of
preparing films and fibers of highly disordered cellulose and to describe
some properties of these materials. Subsidiary parts of the paper contain
descriptions of the effects of grinding treatments and various sweliing treat-
ments (e.g., mercerization, amine treatments) on the disorder in native
celluloses.

The infrared-deuteration technique is the principal method employed
to characterize and measure the disorder present in the various samples of
cellulose. In this technique,'—* the hydroxyl groups in the cellulose are
separated into two fractions, one fraction being readily accessible to, and
exchanging readily with, deuterium oxide, the other fraction being rela-
tively inaceessible to deuterium oxide and thus exchanging slowly and
incompletely. The slowly accessible and inaccessible hydroxy! groups
have been shown to be hydrogen-bonded in a regular (‘“‘crystalline’)
manner, giving rise to an infrared, hydroxyl stretching band containing
characteristic peaks and shoulders. The fraction of the hydroxyl groups
readily accessible to, and exchanged by, deuterium oxide has been shown
to be hydrogen-bonded in a more or less disordered manner, and thus the
hydroxyl stretching band arising from these hydroxyl groups is broad and
featureless. This “disordered” hydroxyl band is removed during the rapid
stage of the deuteration, being replaced by a similarly featureless band in
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the OD region of the spectrum and leaving in the hydroxyl region the
band of the hydrogen-bond ordered hydroxyl groups.

The terms “order” and ‘‘disorder” as used here are, unless otherwise
stated, as defined and measured by the infrared-deuteration technique.
The highly disordered celluloses that are the main subject of this paper
are celluloses that are highly disordered (as much as 999, in some instances)
on this definition.

PREPARATION OF HIGHLY DISORDERED CELLULOSE
FILMS AND FIBERS

The principle of methods of preparing cellulose films and fibers containing
more than 979, disordered material is to regenerate the cellulose structure
in a non-aqueous medium (from a cellulose derivative, or a solution of
cellulose) and wash the regenerated cellulose in a nonaqueous solvent.
Methods of this type were first deseribed in some early work of Sisson®?®
and Ingersoll,® and Manley”* has recently published information on dis-
ordered celluloses prepared in this way.

From Cellulose Aliphatic Esters

Fibers or films of cellulose esters (acetates or higher esters) are saponified
in a dilute solution of caustic alkali in a short-chain aliphatie alcohol; the
regenerated product is washed for several days in alcohol and dried in air.
The precise nature of the ester, the alkali, and the aleohol, and the concen-
tration and temperature of the saponifying solution do not seem to have
any marked effect on the disordered nature of the final product. Both
sodium hydroxide and potassium hydroxide have been employed as saponi-
fying agents; aleohols in the range methanol to n-butanol appear to be
equally efficient; and alkali concentrations from 0.25-2%, by weight and
temperatures of saponification from room temperature to 60°C. have been
investigated. Treatment of secondary cellulose acetate in a 19, solution
of sodium hydroxide in ethanol for 1 day at room temperature, followed
by a prolonged wash in ethanol, was the usual procedure adopted for pre-
paring disordered celluloses of this type. With care in preparation, these
regenerated celluloses contained at least 979, and often more than 999,
hydrogen-bond disordered cellulose (see Table I).*

Oriented films and filaments of hydrogen-bond disordered cellulose can
be prepared by the non-aqueous saponification of oriented secondary cellu-
lose acetate. This latter is made by stretching acetate film or filaments to
draw ratio of 2 or 3 while swollen in 80/20 (v/v) methylene chloride—
benzene; after evaporating this swelling agent, the oriented film or filament
is given a further stretch, to a total draw ratio of 10-15, while swollen in
an aqueous solution of 2 g./100 ml. phenol, 2 g./100 ml. sodium sulfate at
60°C., followed by washing in water.10-11

*All values for per cent ordered or disordered cellulose given in the text are also listed
in Table I (as per cent ordered cellulose, for clarity).
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From Sodium Cellulose Xanthates

Regeneration of cellulose from sodium cellulose xanthate in non-aqueous
solutions also gives products that are at least 979, disordered. The films
of xanthate (viscose dope) on glass plates are coagulated in a 10 g./100 ml.
solution of ammonium sulfate in water and regenerated in disordered form
in a 10 g./100 ml. solution of sulfuric acid in ethanol. The film is washed
in ethanol and dried in air.

From Solution in Cuprammonium Hydroxide

Solutions of eellulose in cuprammonium hydroxide, spread into film on
glass plates, are precipitated by immersion in ethanol or in a dilute solution
of mineral acid in ethanol. The product, after a prolonged wash in
ethanol and drying in air, is at least 959, hydrogen-bond disordered.

Use of Partially Non-aqueous Systems and the Exchange of Disordered
Cellulose to Other Non-aqueous Solvents

As would be expected from the above, celluloses containing intermediate
amounts of hydrogen-bond order can be made by saponifying and washing
the acetate in suitable mixtures of water and solvent; the amount gradually
increases from about 39 in the absence of water, to about 209, in a
50/50 (v/v) mixture, and to about 25%, in pure water.

Samples of disordered film, regenerated from secondary acetate in ethanol
and washed in ethanol, were exchanged without intermediate drying to a
variety of organic liquids; acetone, chloroform, pyridine, benzene, n-hexane,
dimethylformamide, and formie acid were studied. The liquids were then
evaporated from the films, under vacuum in the later stages of the evapora-
tion. With the exceptions of the films exchanged to dimethylformamide
and formic acid, the dried films were as disordered as the films dried from
the ethanol. Prolonged immersion in formic acid dissolved the film, as
described elsewhere;!? a shorter immersion produced a significant propor-
tion of ordered material.!? Exchange of the never-dried disordered cellu-
lose to dimethylformamide produced an interesting type of hydrogen-bond
order in the cellulose structure, as described in a later section.

STRUCTURE AND REACTIVITY OF HIGHLY
DISORDERED CELLULOSE

Disordered cellulose prepared from secondary cellulose acetate was used
in these investigations. Unless otherwise stated, the secondary acetate
was in the form of film cast on glass from solution in acetone.

Infrared-Deuteration Studies

The experimental procedures involved in the infrared-deuteration tech-
nique have been described elsewhere.!=2 The cellulose is evacuated to
dryness, reacted with deuterium oxide vapor (saturated or at a lower
relative humidity) for & length of time sufficient to exchange the hydrogen-
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Fig. 1. Deuteration of disordered cellulose: () before deuteration; (2) after deutera-
tion for 15 min. in saturated D,0 vapor at 20°C.; (---) band obtained by subtracting
band 2 from band I (i.e., the hydrogen-bond disordered component).

bond disordered regions, and finally re-evacuated to dryness. The infrared
spectrum of this film in the 3 x region is measured on a Grubb-Parsons DB1
double-beam spectrometer with a lithium fluoride prism; it is emphasized
that all spectra illustrated in this paper refer to vacuum-dried samples.
With ordinary, partially ordered cellulose, the small amount of ordered
material exchanged during this deuteration procedure is estimated by
rehydrogenating the cellulose in 579, R.H. water vapor; any deuterated
ordered material will resist rehydrogenation under these conditions.!—3
With suitable calibration,??-1% the fraction of ordered cellulose can be
calculated from the absorbances of the hydroxyl and OD bands at the end
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of the exchange of the disordered regions. In the present work, the ab-
sorbances of the OH band near 3350 em.™! and the OD band at its peak
near 2530 cm.~! are measured relative to that of the CH band near 2900
em.™ L, to eliminate the effect of variation in the thickness of the samples.

The infrared-deuteration behavior of disordered cellulose film is com-
pared in Figure 1 with that of a cellulose film regenerated in aqueous
solutions. The hydroxyl-stretching band of the undeuterated disordered
film shows that practically all the hydroxyl groups are hydrogen-bonded,
as with ordinary partially crystalline films, i.e., there is a little absorption
in the 3600-3650 ¢m.~! region. The hydroxyl band is broad and feature-
less. At least 979 of the hydroxyl groups react rapidly with saturated
deuterium oxide vapor, and the hydroxyl band is replaced by a broad
OD stretching band (Fig. 1). The weak hydroxyl band remaining after
this rapid deuteration (corresponding to 0-3%, of the OH groups) some-
times shows signs of the band shape characteristic of cellulose IT ordered
regions, but is often of a broad, poorly defined nature, with a peak in the
3440 em. ! region (as in Fig. 1). The spectrum of the aqueous-regenerated
film after deuteration of the disordered regions (Fig. 1) illustrates for com-
parison the magnitude and shape of the hydroxyl band of the cellulose II
ordered regions in an aqueous-regenerated cellulose. This particular sam-
ple contains about 259, ordered material, which is a value typical of
celluloses of this type. The four peaks in the band are particularly well
resolved in this example; most aqueous-regenerated celluloses give a less
well resolved band, but the peaks are at similar frequencies and of roughly
similar relative intensity. The hydroxyl band of the hydrogen-bond dis-
ordered component of the aqueous-regenerated sample (obtained by sub-
tracting the hydroxyl band after deuteration from that before deuteration)
is seen to be similar in shape and peak frequency to the hydroxyl band of
the disordered cellulose (Fig. 1); likewise the OD band is similar to the
OD band of the deuterated disordered cellulose. These facts strongly
suggest that the nature of the hydrogen-bond disorder in the disordered
cellulose is similar to that present in the disordered regions of ordinary
regenerated celluloses.

Since the deuteration of disordered cellulose in saturated vapor causes a
partial recrystallization of the cellulose, the OD bands of deuterated
samples usually contain a small cellulose II component (not shown on
the OD band in Fig. 1). This crystallization can be prevented by deuterat-
ing in vapor of lower humidity.

The oriented films prepared by the non-aqueous saponification of oriented
acetate films are found to be as highly hydrogen-bond disordered, and as
readily deuterated, as the ordinary glass-cast film after non-aqueous regen-
eration. The hydroxyl band shape is similar to that of the disordered film
shown in Figure 1. Thus high orientation, as measured by either birefrin-
gence (values as high as 0.045) or x-ray diffraction does not, of itself, lead
to a high degree of hydrogen-bond order. The hydroxyl-stretching band
of these highly oriented films is found to be markedly dichroic in a way



432 R. JEFFRIES

somewhat similar to the hydroxyl band of the disordered component of
oriented, partially ordered celluloses.!4

It is interesting to note that the values for the accessibility to heavy
water obtained with the present disordered films (97-1009%,) is distinctly
higher than the accessibility value (90%,) obtained on similarly prepared
materials by a tritiation technique.?

X-Ray Diffraction Studies

The x-ray diffraction diagrams of disordered celluloses!s are similar in
character to those obtained by Ingersoll® and Manley® The diagrams
show that the disordered cellulose, whether oriented or not, has only poor
three-dimensional order. The oriented samples give short, but diffuse, arcs
on the x-ray diagram, showing that the samples are, in fact, highly ori-
ented but also of a low degree of lateral order.

Moisture Regain Measurements

A sample of disordered cellulose absorbed 16.75 g. water/100 g. dry
cellulose at 579, R.H., 20°C. This compares with 17.0 g./100 g. calculated
for this sample (989 hydrogen-bond disordered) on the basis of the known
relation between hydrogen-bond disorder and moisture regain,® and con-
firmg that the nature of the hydrogen bond disorder in these highly dis-
ordered celluloses is similar to that present in ordinary, partially crystalline
celluloses.

Formylation

The formylation behavior of disordered cellulose when immersed in for-
mic acid indicates that this material is completely accessible to the acid.?

Alcoholysis

The rate of alcoholysis of disordered cellulose was compared with that
of ordinary, partially crystalline celluloses.’® The ethanolysis was carried
out in 309, (w/w) sulfuric acid—ethanol at 80°C. for various lengths of
time, the residues being washed in ethanol at room temperature; the loss
of weight of the cellulose was thus obtained as a function of time of treat-
ment. After 18 hr. treatment the amount dissolved was considerably
greater with disordered cellulose than with partially erystalline celluloses.

The rate of ethanolysis of disordered cellulose is found to depend markedly
on the way in which the ethanol (used in the preparation) is evaporated
from the film: film freed from ethanol at 105°C. is much more reactive than
that dried at room temperature. This different reactivity is not associated
with any difference in order measurable by infrared-deuteration (not more
than 39, order in any sample), or with any significant difference in the
“internal surface’” of the disordered cellulose, as measured by the nitrogen
sorption technique and a non-aqueous oxidation technique (see below). The
structural origin of this differing reactivity is thus not fully understood.
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Reaction with Formaldehyde in Non-aqueous Solvent

Disordered cellulose fabric was prepared by the non-aqueous saponifica-
tion of a fabric woven from a cellulose acetate (Tricel) filament yarn.
This fabric was crosslinked with formaldehyde in acetic acid (a non-agueous
solvent had to be employed to prevent crystallization of the cellulose); the
reaction mixture was 50 g. formalin, 51.5 g. concentrated hydrochlorie acid,
170 g. acetic anhydride, 228.5 g. glacial acetic acid, at room temperature.
The reacted cellulose was washed in water at room temperature and dried
in air. The amount of formaldehyde in the washed and dried samples
was determined colorimetrically.'?

Trigure 2 shows that the disordered cellulose fabric reacts with much
more formaldehyde than does this fabric after erystallizing in boiling water,
thus confirming further the highly accessible nature of the disordered cellu-
lose. There is clearly, however, no linear relation between formaldehyde
content and the fraction of hydrogen-bond disordered cellulose: the dis-
ordered fabric should be only about a third more reactive than the boiled
fabric in any simple proportionality with hydrogen-bond disorder.

Measurements of the Internal Surface of Disordered Cellulose

Samples of disordered cellulose were studied by the nitrogen sorption
technique and by oxidizing with chromium trioxide in acetic acid-acetic
anhydride mixtures;!® both of these techniques measure the surface area,
rather than the molecular disorder, in cellulose. These investigations!®
show that the internal surface of disordered cellulose, i.e., the surface area
of internal voids, eapillaries, and fibrillar structures, is as small as that of
ordinary regenerated celluloses (less than 1 m.%/g.). Thus the high reac-
tivity of disordered cellulose is not merely a surface-area effect associated
with the fact that the material is dried from a non-aqueous solvent (it is
well known!#-2¢ that celluloses of high internal surface area can be prepared
by solvent-drying techniques).

Mechanism of Formation of Disordered Cellulose

It is necessary to discuss the possible reasons why the regeneration of a
cellulose by a non-aqueous treatment should give a produet consisting
almost entirely of hydrogen-bond disordered regions.

One possibility is that molecules of the regenerating agent (e.g., sodium
hydroxide), the non-aqueous solvent (e.g., ethanol), or both, remain in the
cellulose structure after the washing and drying treatments and, by their
presence, prevent the formation of an ordered hydrogen-bonding system.

The amount of residual sodium hydroxide in disordered cellulose pre-
pared from cellulose acetate was measured by leaching out the samples in
boiling water. Less than 0.19, by weight of residual alkali was present,
provided that the wash in ethanol was sufficiently prolonged. The amount
of residual ethanol in a dry, disordered cellulose was estimated in two
ways. First, by measuring the oven-dry weight of a cellulose before and
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Fig. 2. Uptake of formaldehyde by disordered cellulose: (D) fabric of disordered cellu-
lose; (C) fabric of partially crystalline cellulose.

after extraction with boiling water. Second, by measuring the intensity
of the sharp infrared band near 2980 em.~! due to the ethanol. These
measurements indicate that disordered cellulose prepared from cellulose
acetate contains about 3~59, by weight of ethanol that is very resistant to
evacuation through a liquid nitrogen trap, or to dry heat at 100°C. This
trapped ethanol is, however, readily removed by allowing the disordered
cellulose to stand for a day or so in an ordinary laboratory atmosphere or
for a few hours in 759, R.H. water vapor in the absence of air. The
disordered nature of the cellulose is not affected by the removal of this
final few per cent of ethanol.

It may thus be concluded that the presence of “foreign” molecules in
the structure is not essential to the existence of disordered cellulose,
although they may have a minor effect upon structure in some cases.

The essential factor in the formation of disordered cellulose would
appear to be the non-aqueous nature of the preparative treatments. The
presence of water seems to be necessary for the ready formation of regions
of hydrogen-bond order (as was emphasized by Manley?-¥); formie acid and
dimethylformamide, the only other liquids found to produce hydrogen-bond
order, are less efficient in this respect than water. The water may act in
two ways; first, as a lubricating agent, facilitating easier chain rearrange-
‘ments; second, the water may exert a specific ordering effect on the hydro-
gen-bond structure, as a result of the small size of the water molecule
allied to its ability to form two hydrogen bonds. It was thought that a
further factor might have been the effect of the high surface tension of
water during the drying of the cellulose; this high surface tension could
have had the effect of closing capillaries and voids present in the swollen
structure, and sealing together cellulose interfaces, to an extent greater
than would be the case with a solvent of lower surface tension.?® However,
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there is evidence (from the deuteration of never-dried celluloses, and from
the small effect of solvent-drying on the hydrogen-bond order in cellu-
loses'®) that with ordinary, partially erystalline celluloses at least 809,
of the hydrogen-bond order in the dried cellulose is present in the never-
dried, water-swollen state, i.e., the drying process causes little increase in
the hydrogen-bond order.

STABILITY AND CRYSTALLIZATION OF
DISGRDERED CELLULOSE

Disordered celluloses are stable more or less indefinitely in anhydrous
conditions, and are stable for several weeks at least in an atmosphere of
about 50-609, R.H. As was mentioned above, however, saturated vapor
of deuterium oxide tends to crystallize the disordered cellulose into the
cellulose II form.
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Fig. 3. Treatment of disordered cellulose film in ethanol-water mixtures: () ethanol
(as prepared); (2) 90/10 (v/v) ethanol-water; (3) 70/30 (v/v ethanol-water; (4) 50/50
(v/v) ethanol-water; (5) water. All treatments for 30 min. at 25°C. followed by drying
in air. The OH bands shown are of the hydrogen-bond ordered regions, the absorption
of the disordered regions having been removed by deuteration.

As would be expected from this instability in saturated heavy water
vapor, disordered celluloses were found to erystallize very readily in liquid
water. A few seconds immersion at room temperature produces about
159, of ordered cellulose of the cellulose II type; treatment in boiling
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water produces 20-309, of ordered material, i.e., similar to regenerated
cellulose produced in normal aqueous treatments (Fig. 1).

The crystallization of disordered cellulose in mixtures of ethanol and
water at 25°C. has also been studied. Two sets of samples were investi-
gated; the first set was dried directly from the ethanol-water mixture; the
second set was given a final wash in ethanol before being dried in air. The
two sets gave similar infrared-deuteration results. Increasing the propor-
tion of water in the range 0-509, (v/v) causes a gradual increase in the
proportion of deuteration-resistant material from about 109, in mixtures
containing 109, of water to about 259, (i.e., similar to that produced in
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Fig. 4. Treatment of disordered cellulose film in acidified dimethylformamide: (1)
Treated in acidified DMF, washed in DMF, and dried; (2) as (1), followed by treatment
in cold water and redrying; (3) as (1), followed by treatment in boiling water and redry-
ing. The OH bands are of the hydrogen-bond ordered regions, the absorption of the dis-
ordered regions having been removed by deuteration.

pure water) in mixtures containing 509, water. The shape of the hydroxyl
band of the deuteration-resistant regions changes in resolution and shape
as the concentration of water is increased. With some samples of dis-
ordered cellulose (though not with all) the changes in band shape are as
pronounced as shown in Figure 3; as the concentration of water is increased
the shape of the hydroxyl band of the deuteration-resistant material changes
progressively from the broad, poorly-defined band shown in spectrum 2 on
Figure 3 to a typical cellulose II band (spectrum 4 is clearly cellulose II
in character). These changes may reflect a gradual increase in the perfec-
tion of the hydrogen-bond ordered regions.
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Treatment of never-dried disordered cellulose with dimethyl-formamide
acidified with nitric, hydrochlorie, or sulfuric acid (1-4% by volume of
acid), followed by washing in DM or ethanol and drying, gives a product
containing 5-109% of a hydrogen-bond ordered (deuteration-resistant) com-
ponent (Fig. 4). Treatment of this acid-DMTI treated film with water at
about 20°C. gives a film which after drying contains about 209, of deutera~
tion-resistant OH groups (Fig. 4). Treatment in boiling water usually
produces rather more ordered material (probably about 25%). The shape
of the hydroxyl band of this ordered component (Fig. 4), and a preliminary
x-ray investigation® suggest that the ordered material in the water-treated
samples may be mainly cellulose IV in character. Mann and Marrinan®
suggested that the hydroxyl band of the ordered regions of a cellulose IV
sample prepared by treating cellulose II films in hot glycerol contains some
cellulose II shape resulting from residual cellulose II in the structure. The
present results tend to support this suggestion; the OH band in Figure 4
(curve 2) is very similar to the band given by Mann and Marrinan? minus
a cellulose II component, indicating that the present material may be a
purer form of cellulose IV than Mann and Marrinan’s sample. It may be
noted that some water-treated samples, particularly if boiling water is used,
do contain distinet signs of a cellulose IT component on the hydroxyl band
of the ordered regions (curve 3, Fig. 4).

The effect of washing the never-dried disordered cellulose in dimethyl-
formamide alone is at most small, i.e., it is necessary to acidify the amide to
produce these unusual crystallizing effects to any marked extent. How-
ever, acidified ethanol had no effect on the never-dried disordered film and
it, cannot, therefore be the acidity alone of the acidified DMF treatment
that is instrumental in producing the above-described erystallization effects.
Acidified dimethylacetamide behaves similarly to the acidified DMF.

TREATMENT OF ALKALI-SWOLLEN CELLULOSES
WITH ETHANOL

Alkali solutions of sufficiently high concentration penetrate and swell the
crystalline regions of celluloses; the hydrogen bonds in these regions are
probably broken and replaced by cellulose-water and cellulose-alkali inter-
actions to give soda celluloses. It was of interest to investigate the effect of
washing these swollen celluloses in non-aqueous liquids, e.g., ethanol, to see
whether the crystalline hydrogen-bonding system would re-form under
these conditions or whether, in the absence of water, a more hydrogen-bond
disordered structure would be produced.

Infrared-deuteration studies on bacterial cellulose (swollen in 5N sodium
hydroxide at 20°C.) and regenerated viscose film (swollen in 2-3N sodium
hydroxide) showed that washing the alkali-swollen cellulose in ethanol gave
a more hydrogen-bond disordered structure than washing in water. In the
case of the alkali-swollen bacterial cellulose, washing in water produces
normal mercerized bacterial cellulose; this usually comprises about 359, of
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ordered cellulose, this ordered cellulose being mainly, but usually not
entirely, cellulose II in character (see below). If the swollen bacterial
cellulose is washed in ethanol a hydrogen-bond ordered fraction of about
5-159%, results, this being entirely cellulose II in character to judge from the
shape of the OH band of the ordered regions. Similarly, a sample of vis-
cose film (originally containing about 25%, ordered material) gives a prod-
uct containing 5-15%, order when swollen in 2-3N sodium hydroxide and
washed in ethanol. Washing in water gives about 25-309,, order. Thus
with both types of cellulose the ethanol-washed samples are more disordered
than the water-washed, although less disordered than the disordered cellu-
loses prepared by the non-aqueous regeneration of cellulose derivatives.

Extraction of these ethanol-washed samples with water shows that they
contain several per cent by weight of sodium hydroxide, even after washing
for several days. One possibility that cannot be overlooked, therefore, is
that this residual alkali is the reason for the increased hydrogen-bond dis-
order. Thiswas checked by washing the alkali-swollen cellulose in acidified
non-aqueous washes; three washes were investigated, namely, 19, by weight
acetic acid in ethanol, 29, hydriodic acid in ethanol, and 29, nitric acid in
dimethylformamide, all followed by prolonged washes in the appropriate
pure solvent. Extraction of these acid-washed films (after drying) with
boiling water indicates that the amount of trapped molecules (alkali, salt, or
ethanol) is no more than 29, of the weight of cellulose in any case, and is
usually less than 19,. Infrared-deuteration studies show that these acid-
washed samples are more hydrogen-bond ordered than samples washed in
pure ethanol. Bacterial cellulose treated in this way is found to contain
10259, order, the values being irreproducible in this range for reasons not
understood. These acid-washed samples are thus more ordered than sam-
ples washed in pure ethanol, but less ordered than samples washed in water
(about 35%,). The order in the acid-washed samples appears to be entirely
cellulose II in character (to judge from the OH band shape), as with the
samples washed in pure ethanol. The alkali-swollen viscose films, after
washing in acidified non-aqueous washes, are in general only a little more
disordered than the water-washed samples; moreover, the perfection of the
crystalline regions of the acid-washed viscose films appear to be as
great as that of the water-washed samples (i.e., greater than the perfection
of the ordered regions in the films prior to treatment).

It may be concluded, therefore, that most of the increased disorder in the
viscose films washed in pure ethanol is associated with the residual alkali in
these films. Some of the increased disorder in the bacterial film washed in
pure ethanol ¢an perhaps also be attributed to residual alkali, but here
other factors must play a more important part than with the viscose, since
the acid-washed bacterial films, containing practically no foreign mole-
cules, are considerably more disordered than water-washed films. The
reason for this difference between bacterial and viscose film may be associ-
ated with the fact that the swelling and washing causes a change from
cellulose I to cellulose IT with the bacterial cellulose; this may produce
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greater opportunities for the introduction of chain disorder when deswelling
is effected in the absence of water.

Recent work on cotton at this Association confirms qualitatively the
results obtained with bacterial cellulose, i.e., samples treated in 5N sodium
hydroxide at 20°C. and then washed in pure ethanol tend to be more
hydrogen-bond disordered than equivalent samples washed in acidified non-
aqueous solvents, which in turn tend to be more disordered than water-
washed samples. However, the level of disorder in the samples washed
with non-aqueous solvent appears to be in general rather less than that
achieved with bacterial cellulose, i.e., 15-259%, ordered regions with pure
ethanol, 0-359%, with acidified solvents, and 35-409, with water.

A point worthy of special emphasis is the fact that whereas many of the
water-washed bacterial cellulose samples, and all of the water-washed cotton
samples (i.e., samples swollen in alkali of mercerizing strength and washed
free from alkali in water), contain a fraction of cellulose I in the ordered
regions (as much as 10-509; of the latter), the alkali-swollen samples
washed in non-aqueous media contain ordered regions that appear to be
entirely cellulose IT in character. The reason for the incomplete cellulose
I—II transition of the water-washed samples is not fully understood; it
should be emphasized that the swelling and washing treatments were com-
pletely without tension, and that the effect is independent of alkali concen-
tration in the range of 5-10N sodium hydroxide, at least at 20°C. The
effect of the non-aqueous wash in promoting complete mercerization is also
difficuit to understand. However, it does at least suggest that the alkali
treatment penetrates all of the ordered regions of the cellulose and that the
cellulose I component in water-washéd samples is not merely cellulose I
material that is not penetrated or affecteéd by the alkali swelling.

MECHANICAL AND SWELLING METHODS OF INCREASING
THE HYDROGEN-BOND DISORDER IN CELLULOSE

This section describes briefly the effects of grinding and of various
swelling treatments on the hydrogen-bond disorder in cellulose. Little in-
formation on this is available in the literature, although the effects of
these treatments on disorder as measured by other techniques have been
studied by many workers (grinding?—3*; swelling®). The purpose of this
section is to compare the disorder produced with the disorder present in
the non-aqueously-regenerated celluloses described above. The study of
grinding was made on cotton; the swelling treatments were all on films of
bacterial cellulose.

Grinding of Cotton

Samples of cotton were ground for various lengths of time in a vibrating
ball mill (agate balls), and the ground fibers pressed into disks for infrared-
deuteration study. This type of milling gradually decreases the fraction
of hydrogen-bond ordered (deuteration-resistant) material in the fiber
(Fig. 5); a sufficiently prolonged treatment removes practically all hydro-



440 R. JEFFRIES

OH CH 00
12
5
s O8f 1
c
-~
o
&
[ 3
2
B 2
o4} .
L 3
s
0 1 1
3400 3000 2600
oM™

Fig. 5. Effect of ball-milling on the hydrogen-bond order in cotton: (1) unmilled
cotton; (2) 20 min. milling; (3) 60 min. milling; (4) 120 min. milling; (5) 240 min. mill-
ing. Samples deuterated for 5 hr. at 20°C. in 57% R.H. D,0 vapor and dried, i.e., dis-
ordered regions deuterated.

gen-bond order. This increase in disorder is shown by all methods of
measurement of disorder.?—%* The disordered material produced has a
hydroxyl-stretching band similar in shape and peak frequency to that of
the disordered regions of unmilled cotton. The hydroxyl band of the
deuteration-resistant material shows a gradual change in shape after the
more prolonged milling treatments (see curves 3, 4, and 6 on Fig. 5).
After 4 hr. milling the small deuteration-resistant component has a band
shape (curve 5) that is quite different from that of cellulose I. Curves
3 and 4 suggest that after 1 hr. and 2 hr. milling the band shape of the
deuteration-resistant regions is a mixture of the cellulose I band shape
and the band shape shown on curve §. Mercerized cotton milled for 4 hr.
also gives an OH band after deuteration of the disordered regions similar
to that given by heavily milled cotton (curve 5, Fig. 5). This deuteration-
resistant component in heavily milled fibers amounts to no more than 59,
of the cellulose. The fact that it is resistant to deuteration and has a
band shape different from that of hydrogen-bond disordered cellulose sug-
gests that the hydrogen bonding in these regions must be to some extent
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regular and ordered; these regions may contain an imperfect cellulose II
lattice, resulting from the presence of atmospheric water vapor during
the milling.

Effect of Swelling Treatments on Bacterial Cellulose

The evidence available in the literature indicates that swelling a native
cellulose strongly enough to penetrate the ordered regions, followed by
removal of the swelling agent and drying, gives a product of a lower degree
of order, and of a greater accessibility to reagents of the swelling type, than
the original cellulose. A change in the nature of the crystalline material
is also sometimes produced: mercerization treatment* and swelling in nitric
acid solutions*! cause a high degree of conversion of cellulose I to cellulose
II; treatment in calcium thiocyanate*? solutions is also thought to cause
some cellulose 111 transition; treatment with ethylamine gives a product
with either cellulose I or cellulose III ordered regions, depending upon
the method of removal of the amine;*-4-44 zine chloride solutions do not
lead to any change in crystalline type, though they do increase the disorder
in the native celluloge®—*

In the present investigation, the effects of swelling in agqueous solutions
of sodium hydroxide, nitric acid, sulfuric acid, calcium thiocyanate, and
zine chloride, in ethylamine and ethylenediamine, and in solutions of
potassium hydroxide in butanol and in butanol-kerosene have been
studied. Details of the swelling treatments and the infrared-deuteration
results on the treated samples are listed in Table I, samples 16 and 19-27.
The results refer to the samples freed from swelling agent; the samples
swollen in alkali, acid, or salt solutions were washed in water at 20°C. and
dried in air; the ethylamine was removed either by washing in chloroform
(followed by drying in air) or by evaporation; the ethylenediamine was
removed first by evacuation (to give the amine—cellulose complex) and then
by extraction in water or dimethylformamide; the potassium hydroxide
was removed by washing the swollen samples in acidified ethanol and then
in pure ethanol, followed by drying in air. It is clear that all these swelling
treatment (with the exception of the zinc chloride) produce a marked
increase in the fraction of hydrogen-bond disordered cellulose in the bac-
terial film, in broad agreement with the published results obtained with
other techniques for measuring disorder. However, in no case was the
disorder raised to a level approaching the 97-1009 characteristic of dis-
ordered cellulose produced by the non-aqueous regeneration techniques
described above. The effect of the various swelling treatments on the
type of the remaining ordered regions is also in general as expected from
the literature. There are, however, a number of points worthy of special
note, as follows.

The effect of swelling in aqueous sodium hydroxide solutions, followed
by washing in water, has been studied in more detail than indicated in
Table I, a range of alkali concentrations and temperatures having been
investigated. Up to a certain concentration of alkali, depending upon the
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temperature, the treated films are indistinguishable, as regards infrared-
deuteration behavior, from the original films. Above this concentration,
a gradual increase in the fraction of hydrogen-bond disordered cellulose,
and a gradual change in the lattice type of the ordered fraction (from
cellulose I to cellulose IT), are produced. The shapes of the OH bands of
the ordered regions of partially mercerized samples are similar to bands
constructed by adding together various proportions of the cellulose I and
cellulose II shapes and confirm that the ordered regions of partially mer-
cerized samples are probably mixtures of cellulose I and cellulose II
components. At a higher concentration, again depending upon the tem-
perature of swelling, these effects of mercerization level out. At this
“equilibrium” stage, the percentage of disordered cellulose has increased
from 359%,® to about 659,. The degree of conversion of cellulose I to
cellulose II at equilibrium is irreproducible; in a few cases the conversion
is complete but in others a considerable fraction (as much as a half, but
usually about a fifth) of the ordered regions is still in the cellulose I form.
This incomplete conversion of the crystalline arrangement, discussed in
an earlier section and noted previously by Ranby,* cannot be explained
with any certainty, nor can the marked irreproducibility. The effect of
increasing the temperature of the swelling treatment was as expeeted, i.e.,
the approximate range of alkali coneentrations over which the mercerization
effects take place was increased from 8-12 g./100 ml. at 0°C. to 13-20
g./ml. at 25°C. and to 18-25 g./100 ml. at 50°C.

The cellulose I ordered regions present in amine-treated samples from
which the amine has been removed by extraction are not hydrogen-bonded
in the same way as the cellulose I regions in the original bacterial cellulose.
The hydroxyl-stretching band of the ordered regions of the treated films
appears to be similar to the type B variety described by Mann and Marri-
nan,? whereas that of the original film is of the type A variety.

Treatment in concentrated solutions of sulfuric acid (as is done in
parchmentizing processes®!) is seen to increase the hydrogen-bond disorder;
the hydroxyl band of the remaiiiing ordered regions is rather similar in
shape to that given by cellulose II ordered regions, though blurred in
character.

The reason why zine chloride solutions have no apparent effect on bac-
terial cellulose, although there is much evidence of a considerable effect on
cotton,®—4 is possibly explicable in terms of the rather greater perfection
of the ordered regions in bacterial cellulose, and emphasizes that bacterial
cellulose is not suitable as a model for cotton for all types of swelling system.

The effect of swelling in solutions of potassium hydroxide in butanol, or
butanol-kerosene,’? followed by washing in acidified ethanol, is rather
similar as regards infrared-deuteration to the effect of certain types of
amine treatment, i.e., there is an increase in the hydrogen-bond disorder and
a change in the remaining cellulose I regions from type A hydrogen bonding
to type B. It should be emphasized here, however, that this swelling
system is complex in nature, since there is strong evidence that the swelling
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effects described are associated with the hazy material generally found in
solutions of potassium hydroxide in butanol, even with reagents of analyti-
cal quality.

General Conclusions

It is clear from the above study of the hydrogen-bond disorder produced
by various swelling systems that none of these systems produces a cellulose
as highly disordered as the cellulose produced by the non-aqueous regenera-
tion method. Only grinding for prolonged periods can give a produect with
a degree of hydrogen-bond disorder as high as 95%,; the present results,
however, indicate that even prolonged grinding does not completely remove
the hydrogen-bond order, and in any case ground cellulose is unsuitable for
many types of physical measurement.

POSSIBLE TECHNOLOGICAL UTILIZATION OF
DISORDERED CELLULOSE

The work carried cut on the possible commerecial utilization of disordered
cellulose, as produced by non-aqueous regeneration methods, will be de-
seribed briefly.

The first possible use was based on the high accessibility of disordered
cellulose to chemical reagents. It was thought that if a crosslinking agent
could be reacted throughout the cellulose structure, then a product with
desirable crease-resistant properties might result. The non-aqueous cross-
linking system described above (formaldehyde in acetic acid—acetic anhy-
dride) was chosen for study. Increasing the duration of this crosslinking
treatment given to the disordered cellulose fabric is found to produce a
steady rise in the crease resistance of the fabric. However, the samples
prepared from the disordered fabric are at no stage more crease-resistant
than the equivalent samples prepared from a ‘“crystalline’” fabrie (i.e., dis-
ordered fabric boiled in water and dried prior to the crosslinking treatment).
This is so even when the crosslinked disordered fabries are subsequently
boiled in water to crystallize them and is difficult to understand, particu-
larly since the disordered fabric has a larger uptake of formaldehyde than
the “erystallized” fabric (Fig. 2). It may be that the crosslinks in the
disordered fabric prevent or modify to some extent the subsequent crystalli-
zation in the boiling water. Such a retention of a high state of disorder
would certainly explain the poor crease resistance, since disordered fabrics
prior to crosslinking have a very poor crease recovery.

The second potential technological use of disordered cellulose depends
upon the marked crystallizing effect of water. It was thought that yam or
fabric of disordered cellulose could be “set” into a particular preformed
shape by means of this crystallizing action. The setting of pleats in fabrics
by this method has been studied. The fabric was pleated in the disordered
state and the pleats were set in by treatment of the fabric in hot water.
The pleats set in this fashion proved to be very resistant to boiling and
ironing treatments.



444 R. JEFFRIES

The third possible use of disordered cellulose is based upon the practically
complete lack of hydrogen-bond order, and the very poor lateral order,
of disordered cellulose. Itwashoped that by “crystallizing”’ this disordered
cellulose in a variety of ways it might be possible to produce a cellulose with
desirable mechanical properties, e.g., a high strength. The crystallization
of “disordered” filament yarn in a variety of crystallizing agents, including
water at various temperatures and mixtures of water and organic reagents,
has been studied; however, no crystallizing treatment so far tried has pro-
duced any marked or desirable change in mechanical properties.

The work on the swelling and grinding of cotton has been financed in part by a grant
made by the United States Department of Agriculture under PL 480.

References

1. J. Mann and H. J. Marrinan, Trans. Faraday Soc., 52, 481, 487, 492 (1956).
2. R. Jeffries, Polymer, 4, 375 (1963).
3. R. Jeffries, J. Appl. Polymer Sci., 8, 1213 (1964).
4. W. A. Sisson, Ind. Eng. Chem., 30, 530 (1938).
5. W. A. Sisson, Cellulose and Cellulose Derivatives, E. Ott, Ed., 1st Ed., Interscience,
New York, 1943, p. 284.
6. H. G. Ingersoll, J. Appl. Phys., 17, 924 (1946).
7. R. St. J. Manley, J. Polymer Sci. A, 1, 1893 (1963).
8. I. L. Wadehra and R. St. J. Mauley, J. Appl. Polymer Sci., 9, 2627 (1965).
9. I. L. Wadehra, R. St. J. Manley, and D. A. I. Goring, J. Appl. Polymer Sci., 9,
2634 (1965).

10. T. G. Majury and H. J. Wellard, paper presented at International Symposium on
Macromolecular Chemistry, Turin-Milan, Italy, 1954; Ric. Sct. (Suppl.), 25B, 354
(1955).

11. R. Jeffries and H. J. Wellard, J. Textile Inst., 47, T549 (1956).

12. J. E. Heath and R. Jeffries, J. Polymer Sci. A-1, 5, 2465 (1967).

13. R. Jeffries, unpublished results.

14. K. J. Heritage, J. Mann, and L. Roldan-Gonzales, J. Polymer Sci. A, 1, 671 (1963).

15. J. O. Warwicker, in press.

16. J. E. Heath and R. Jeffries, unpublished results.

17. W. J. Roff, J. Textile Inst., 47, T309 (1956).

18. R. E. Glegg, Textile Res. J., 21, 143 (1951).

19. A. G. Assaf, R. H. Haas, and C. B. Purves, J. Am. Chem. Soc., 66, 59, 66 (1944).

20. H. Staudinger, W. Déhle, and O. Heick, J. Prakt. Chem., 161, 191 (1942).

21. H. Staudinger and W. Dihle, Makromol. Chem., 9, 188 (1953).

22. M. Staudinger, K. H. In den Birken, and M. Staudinger, Makromol. Chem., 9,
158 (1953).

23. F. H. Forziati, R. M. Brownell, and C. M. Hunt, J. Res. Natl. Bur. Std., 50,
139 (1953).

24. C. M. Hunt, R. L. Blaine, and J. W. Rowen, Texztile Res. J., 20, 43 (1950).

25. W. R. Haselton, Tapp?, 38, 716 (1955).

26. M. V. Merchant, Tapps, 40, 771 (1957).

27. J. Mann and H. J. Marrinan, J. Polymer Sci., 21, 301 (1956); ¢bid., 32, 357 (1958).
28. K. Hess, H. Kiessig, and J. Gunderman, Z. Physik. Chem., B49, 64, 235 (1941).
29. P. H. Hermans and A. Weidinger, J. Am. Chem. Soc., 68, 1138, 2547 (1946).

30. M. L. Nelson and C. M. Conrad, T'cxtile Res. J., 18, 155 (1948).

31. P. H. Hermans and A. Weidinger, J. Polymer Sci., 4, 135 (1949).

32. E. Steurer and F. Katheder, Kolloid-Z., 114, 79 (1949).



DISORDERED CELLULOSE 445

33. F. H. Forziati, W. K. Stone, J. W. Rowen, and N. D. Appel, J. Res. Nail. Bur. Std.,
45, 109 (1950).

34. H. Grotjahn and K. Hess, Kolloid-Z., 129, 128 (1952).

35. C. F. Wijuman, Tappi, 37, 96 (1954).

36. R. T. O’Connor, E. F. Dupré, and E. R. McCall, Anal. Chem., 29, 998 (1957).

37. . Ellefsen, E. Wang-Lund, B. A. Tgnnesen, and K. @ien, Norsk. Skogind., 11,
286, 349 (1957).

38. M. Kouris, H. Ruck, and 8. G. Mason, Can. J. Chem., 36, 931 (1958).

39. M. L. Nelson and R. T. O’Connor, J. Appl. Polymer Sci., 8, 1311, 1325 (1964).

40. J. O. Warwicker, R. Jeffries, R. L. Colbran, and R. N. Robinson, Shirley Inst.
Pamphlet No. 93, Dec. 1966.

41. J. Chédin and A. Marsaudon, Chim. Ind. (Paris), 71, 55 (1954).

42, 0. Ant-Wuorinen and A. Visapii, Paperi Puu, 39, 299 (1957); ibid., 41, 345 (1959).

43. L. Segal, M. L. Nelson, and C. M. Conrad, Textile Res. J., 23, 428 (1953).

44. L. Segal, L. Loeb, and J. J. Creely, J. Polymer Sci., 13, 193 (1954).

45. (. Centola and F. Pancirolli, Ind. Carta, 1, 87 (1947).

46. J. R. Modi, 8. 8. Trivedi, and P. C. Mehta, J. Appl. Polymer Sci., 7, 15 (1963).

47. N. B. Patil, N. E. Dweltz, and T. Radhakrishnan, Textile Res. J., 35, 517 (1965).

48. L. T. C. Lee and J. J. Griffith, Tapp?, 47, 42 (1964).

49. S. M. Neale, J. Textile Inst., 22, T320 (1931).

50. B. G. Ranby, Arkiv Kemaz, 4, 249 (1952).
1. E. Becker, Zellstoff Papier, 19, 409 (1939).
2. E. M. Karrholm and H. Asnes, Textile Res. J., 34, 220 (1964).

Received May 15, 1967

o ot



